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Description 



ULTRA-THIN BODY SUPER-STEEP 
RETROGRADE WELL (SSRW) FET DEVICES 

Background of Invention 

[0001] This invention relates to and metliods of manufacture of 
ultra-tliin body Field Effect Transistor (FET) devices as well 
as the ultra-thin body FET devices produced thereby. 

[0002] In semiconductor devices Field Effect Transistors (FETs) 

such as Complementary Metal Oxide Semiconductor (MOS) 
FETs or Metal Insulator Semiconductor (MIS) FETs, the 
trend continues to be a steady reduction in the minimum 
feature size of the devices. The reduction of the minimum 
transistor gate length, realizable on a chip, has helped the 
microelectronic industry to produce products with a resul- 
tant spectacular increase in computational capability and 
integration density. 

[0003] FIG. 1 shows a conventional prior art MOSFET device 10 

formed on a p-type doped silicon substrate 11. A gate di- 
electric layer 12 (e.g. gate oxide) and a gate electrode 14 



(e.g. doped polysilicon) are formed as a gate electrode 
stack on the top surface of the substrate with an n + 
doped source region 15 and an n+ doped drain region 16 
formed alongside the gate electrode 14 with a channel re- 
gion 13 therebetween below the gate electrode 14. Voltage 
V is connected to the drain region 16 through wiring 18 
which connects to drain contact 19. 

[0004] In principle, such devices as Complementary MOSFET de- 
vices or Complementary MISFET devices can be made 
smaller and smaller. However, if only the length "L" of the 
gate electrode is scaled down, i.e. reduced in scale, with- 
out changing other parameters of an FET device, the 
drain-field will have more and more influence upon the 
channel region as compared to the influence which can be 
exerted by the gate electrode. 

[0005] Eventually, as a function of the reduction in scale, the gate 
electrode can lose control of the channel region and a 
punch-through condition occurs in the FET device as ex- 
plained in S.M. Sze "Semiconductor Devices Physics and 
Technology", John Wiley & Sons, page 213 (1985) because 
the channel width is too narrow or too short. This is the 
so-called Short-Channel-Effect (SCE). A device encum- 
bered by an SCE condition ceases to function as an elec- 



tronic switch if the gate electrode fails to turn off the FET 
effectively. 

[0006] On the other hand, referring again to FIG. 1, to reduce the 
scale of the MOSFET devices by a divisor a which is a 
number larger than "1", the vertical dimensions (gate ox- 
ide thickness t , junction depth , and depletion width x 

ox d 

shown in FIG. 1) must be scaled down to be commensu- 
rate with the lateral dimension, such as the length "L" of 
the gate electrode 14, the width "W" of drain contact 18, 
and width "C" of the channel 13. This guideline guaran- 
tees appropriate proper device characteristics when a 
larger device 10 is scaled down to a smaller device by the 
scaling divisor o. 

[0007] The depletion width x in region 17 below the source re- 
el 

gion 15 and drain region 16 is reduced by increasing the 
concentration of dopant that is present in the substrate 
11. However, increasing the dopant concentration to an 
excessively high level will degrade the performance of the 
device 10 because of increased threshold voltage Vt, 
junction capacitance, and junction leakage. The mobility is 
also reduced as a function of higher substrate doping. 
[0008] A Super-Steep Retrograde Well (SSRW) has a low-high-low 
(low-high) channel doping profile which can improve the 



control of Short-Channel Effect (SCE) without degrading 
mobility. However, the doping level in the ground plane is 
generally high, which could cause increased junction leak- 
age and increased junction capacitance. 
[0009] FIG. 2 shows an example of a prior art SSRW type of MOS- 
FET device 20 formed on a p-type doped silicon substrate 
21. A gate dielectric layer 22 (e.g. gate oxide) and a gate 
electrode 24 (e.g. doped polysilicon) are formed as a gate 
electrode stack on the top surface of the substrate with an 
n+ doped source region 2 5 and an n+ doped drain region 
26 formed alongside the gate electrode 24 with a channel 
region 23 therebetween below the gate electrode 24. The 
device includes n- lightly doped source (LDS) regions 27 
adjacent to the source regions 25 and an n- lightly doped 
drain (LDD) region 29 adjacent to the drain region 26 
reaching under the gate electrode 24, respectively. A 
source halo region 27L extends between the LDS region 
25 and the left edge of the channel 23. A drain halo re- 
gion 29H extends between the LDD region 29 and the 
right edge of the channel 23. A Super Steep Retrograde 
Well (SSRW) 24 is formed in the substrate 21 with a retro- 
grade dopant profile which involves a relatively low 
dopant concentration formed in the channel 23 just below 



the gate dielectric layer 22. In a SSRW device tlie dopant 
concentration increases sharply as a function of distance 
from the gate dielectric layer 22 and then levels off 
deeper into the channel region 23. (See page 9 of Thomp- 
son et al. "MOS Scaling: Transistor Challenges for the 21st 
Century" Intel Technology Journal Q3'98 pp 1-19) which 
states at page 9 that "The retrograde profile is typically 
created by using a slow diffusing dopant species such as 
arsenic or antimony for PMOS devices and indium for 
NMOS devices." 

[0010] An ultra-thin SOI MOSFET (with SOI thickness less than 50 
nm) is another attractive option to reduce the vertical di- 
mensions (such as junction depth and depletion width). It 
can effectively reduce the short-channel-effect and elimi- 
nate most of the leakage current. 

[OO''''] U.S. patent No. 6,084,271 of Yu et al. entitled "Transistor 
with Local Insulator Structure", which describes a fully- 
depleted Silicon-On-lnsulator (SOI) MOSFET states "Ac- 
cording to conventional complimentary metal oxide semi- 
conductor (CMOS) fabrication techniques, the reduction in 
the depletion layer thickness is realized by a super-step 
retrograded well (SSRW) ion implantation process. How- 
ever, this process is limited by the diffusion of dopant 



atoms during subsequent thermal processes (e.g., anneal- 
ing). Tlie ion implantation process can generally only 
achieve an 80 nanometer or larger body thickness for a 
transistor. Thus, conventional fabrication techniques for 
bulk semiconductor type-devices cannot create transis- 
tors with body thickness less than 80nm." "Accordingly, 
bulk semiconductor-type devices can be subject to disad- 
vantageous properties due to the relatively large body 
thicknesses. These disadvantageous properties include 
less than ideal sub-threshold voltage rolloff, short chan- 
nel effects (can change to "large subthreshold swing"), 
and drain induced barrier layering. Further still, bulk 
semiconductor-type devices can be subject to further dis- 
advantageous properties such as high junction capaci- 
tance, ineffective isolation, and low saturation current. 
These properties are accentuated as transistors become 
smaller and transistor density increases on ICs." 
[0012] U.S. Patent No. 6,730,568 of Sohn entitled "Method for 
Fabricating Semiconductor Device with Ultra-Shallow Su- 
per-Steep-Retrograde Epi-Channel by Boron-Fluoride 
Compound Doping" describes a method for fabricating a 
semiconductor device with an epi-channel formed by ultra 
low energy ion implantation and by a laser thermal an- 



nealing (LTA) process. A field oxide layer with an (STI) 
structure is formed on a semiconductive substrate, and P- 
type dopants are ion-implanted into the substrate to form 
a P-type well. Sequentially, boron ions are implanted un- 
der ultra low energy (1 keV) to form a delta doped channel 
doping layer. Then, the laser thermal annealing (LTA) pro- 
cess is performed without pre-amorphization for amor- 
phizing a surface of the semiconductor substrate. The 
laser thermal annealing process suppresses the re- 
distribution of boron within the channel doping layer, as 
well as changing the channel doping layer into a chemi- 
cally stable channel doping layer. Then an epitaxial layer 
is selectively grown on the channel doping layer at an ele- 
vated temperature to form a Super Steep Retrograde (SSR) 
epi-channel structure. 
[0013] U.S. Patent No. 6,323,073 of Yeh et al. entitled "Method 

for Forming Doped Regions on an SOI Device" states in the 
abstract that an SOI layer has a dielectric layer and a sili- 
con layer formed on the dielectric layer. A Shallow Trench 
Isolation (STI) structure is formed on the silicon layer, 
which passes through to the dielectric layer. A thermal 
diffusion process is performed to drive dopants into a first 
region of the silicon layer forming an N-well or P-well 



doped region. Next, in a thermal diffusion process 
dopants are driven into a second region of tlie silicon 
layer so as to form a P-well or N-well doped region. Then, 
an epitaxial layer, about 200 angstroms thick, is grown on 
the surface of the silicon layer by an Molecular-Beam Epi- 
taxy (MBE) growth process, a Liquid-Phase Epitaxy (LPE) 
growth process, or a Vapor-Phase Epitaxy (VPE) growth 
process. The Yeh et al. patent states, "In this manner, the 
doping concentration distribution presents an SSR distri- 
bution curve. Under the SSR distribution, the doping con- 
centration is reduced in the region near the gate. This en- 
hances the mobility of the electrons and holes in the 
channel, significantly improving the current velocity over 
the prior art. Additionally, short channel effects (SCE) are 
prevented. The junction capacitance (Cj) at the interface of 
the source and the well, and the drain and the well is also 
reduced, thus enhancing the electrical performance of the 
MOS transistor." U.S. Patent Application No. 20020033511 
Al of Babcock entitled "Advanced CMOS Using Super 
Steep Retrograde Wells" states that "The use of super 
steep retrograde wells with intrinsically doped channel re- 
gions has significant performance advantages for CMOS 
devices. These advantages include reduction of short 



channel effects, increased mobility in the channel region, 
higher mobility, less parasitic capacitance, and a reduction 
in short channel effects. Although the super steep retro- 
grade wells have significant advantages for advanced 
CMOS devices, it is very difficult to achieve these struc- 
tures when manufacturing these devices for high volume 
integrated circuit applications. This difficulty is due to the 
out-diffusion of the retrograde well dopant species into 
the channel region especially for p-well device such as the 
NMOS transistor. In fact, it has been shown that current 
silicon processing techniques will not be able to achieve 
stringent doping profiles that are targeted to change by as 
much as three orders of magnitude in less then 4 nm by 
the year 2008. There is therefore a great need for new 
processing techniques that will allow the formation of su- 
per steep retrograde well structures with near intrinsic 
transistor channel regions." In claim 1, Babcock et al. 
states as follows: 
[0014] A transistor with a SSRW, comprising: providing a semi- 
conductor substrate with an upper surface; a capping 
layer containing carbon positioned at a first distance be- 
neath the upper surface of the substrate; a retrograde well 
region in the substrate positioned beneath capping layer; 



source and drain regions in said substrate positioned 
above said capping layer and separated by a second dis- 
tance; a gate dielectric layer on the upper surface of the 
substrate; and a conductive gate layer on the gate dielec- 
tric layer positioned between said source and drain re- 
gions. 

[0015] An ultra-thin SOI CMOS FET or CMIS FET(with SOI thick- 
ness less than 50 nm) is another attractive option to re- 
duce the vertical dimensions (such as junction depth and 
depletion width). It can effectively reduce the short- 
channel-effect and eliminate most of the leakage current. 

[0016] U.S. Patent No. 6,495,401 of Hsu entitled "Method of 

Forming an Ultra-Thin SOI MOS Transistor" states that a 
silicon wafer has an oxide layer formed thereon. A top sil- 
icon layer is deposited by state of the art deposition tech- 
niques on the oxide layer. The top silicon layer is thinned 
by thermal oxidation, or etching, to a desired thickness, 
which is preferably between about 10 nm and 30 nm. De- 
vice isolation is accomplished by etching silicon islands 
for mesa isolation, or by a LOCOS process. 

[0017] U.S. Patent No. 6,501,134 of Krivokapic entitled "Ultra 
Thin SOI Devices with Improved Short-Channel Control" 
shows an SOI device with a buried oxide layer usually un- 



doped SiO^ with thickness of approximately 50-60 nm, 
atop a bull< substrate. Above the buried oxide layer is an 
undoped ultra-thin undoped SOI silicon layer which has a 
thickness between 5-20 nm. Above the SOI silicon layer a 
gate dielectric is formed comprised of silicon dioxide or 
alternately silicon nitride, aluminum oxide, tantalum pen- 
toxide or hafnium oxide with equivalent oxide thickness 
of 0.8-1.4 nm. A conducting metal gate electrode is de- 
posited and patterned from TIN, TaN, TaW, W, Al, Ni, Ta, 
Mo, or Cr, and has thickness of approximately 2.5-25 nm, 
with gate length of 30-60 nm. A polysilicon encapsulation 
layer with thickness of 50-100 nm is deposited on and 
patterned with the gate electrode. The patent states that 
"Encapsulation layers in general are necessary to prevent 
cross-contamination of the fab line during post-gate for- 
mation processing." The patent indicates that "10-15 nm 
polysilicon is deposited and anisotropically etched to form 
poly spacers which when doped function as side gates." 
There is no indication that the SOI silicon layer is ever 
doped to form a doped channel region and the source re- 
gion and the drain region are formed in the SOI layer. 
[0018] Zhang U.S. Patent Application No. 20020060338 Al enti- 
tled "Methods of Fabricating Vertical Field Effect Transis- 



tors by Conformal Channel Layer Deposition on Sidewalls 
and Vertical Field Effect Transistors Fabricated Thereby" 
stated as follows: "In attempts to reduce short channel ef- 
fects, planar fully depleted ultra-thin body Semiconduc- 
tor-On-lnsulator (SOI) FETs have been developed. For ex- 
ample, using a semiconductor-on-insulator substrate and 
etchback or oxide thinning, ultra-thin SOI channels may 
be obtained. See, for example, Choi et al., "Ultra-Thin 
Body SOI MOSFETfor Deep-Sub-Tenth Micron Era", Paper 
3.7.1, lEDM, 1999, pp. 919-921. Other approaches have 
deposited a thin layer of amorphous silicon or silicon ger- 
manium alloy on a planar oxide surface, followed by lat- 
eral solid-state crystallization. See, Yeo et al., Nanoscale 
Ultra-Thin-Body Silicon-On-lnsulator P-MOSFETwith a 
SiCe/Si Hetero-structure Channel, IEEE Electron Device 
Letters, Vol. 21, No. 4, 2000, pp. 161-163." 
Summary of Invention 

[0019] As indicated above, it is well known in the prior art is that 
the reduction in the depletion layer thickness is realized 
by a super-step retrograded well (SSRW) ion implantation 
process. However, there is the problem that such devices 
have been rejected for smaller dimensions, because the 
process is limited by the diffusion of dopant atoms during 



subsequent thermal processes (e.g., annealing). As stated 
in Yu et al U.S. Patent No. 6,084,271 cited above, "The ion 
implantation process can generally only achieve a 80 
nanometer or larger body thickness for a transistor. Thus, 
conventional fabrication techniques for bulk semiconduc- 
tor type-devices cannot create transistors with body 
thickness less than 80nm." 

[0020] An object of this invention is to ensure that there is ex- 
traordinary inversion carrier transport (mobility). 

[0021] Another object of this invention is to provide enhanced 
control of the SCE (Short Channel Effect). 

[0022] Still another object of this invention is to provide reduced 
junction capacitance and junction leakage. 

[0023] A further object of this invention is to minimize the 
space-charge related fluctuation of threshold voltage 
(Vth), to provide enhanced manufacturability of MOSFET 
devices. 

[0024] Advantages of the present invention which meet the above 
defined objectives of the invention are as follows: 

[0025] 1. The intrinsic channel layer and low surface vertical 

electric field resulted from positioning highly doped layer 
(SSRW) further away from the gate dielectric ensure the 
extraordinary inversion carrier transport (mobility) 



[0026] 2. Ultra-thin SOI and heavily doped SSRW provide the su- 
perior control of SCE (Short Channel Effect) space. 

[0027] 3 The use of Ultra-thin SOI can significantly reduce junc- 
tion capacitance and Junction leakage. 

[0028] 4. The partially depleted body and undoped surface layer 
can greatly minimize the space-charge related fluctuation 
of threshold voltage (Vth), which is a very important issue 
for manufacturability. 

[0029] In accordance with one aspect of this invention, a method 
of manufacture of a Super Steep Retrograde Well (SSRW) 
FET (Field Effect Transistor) device is provided including 
the following steps. Form an SOI layer on a substrate. Thin 
the SOI layer to form an ultra-thin SOI layer. Form an iso- 
lation trench separating the SOI layer into N and P ground 
plane regions. Dope the N and P ground plane regions 
formed from the SOI layer with N-type and P- type dopant 
respectively. Form semiconductor channel regions above 
the N and P ground plane regions. Form gate electrode 
stacks above the channel regions and FET source and 
drain regions. Preferably, the SOI layer is thinned by suc- 
cessive oxidation and stripping steps forming a thinned 
SOI layer. Preferably a pad oxide and a pad nitride layer 
are formed over the thinned SOI layer. Preferably an isola- 



tion trench is formed in the device separating the thinned 
SOI layer into first and second regions. Preferably an iso- 
lation dielectric is formed filling the isolation trench. 
Preferably, the first and second regions are ion implanted 
with N-type dopant and P-type dopant to form an SOI N- 
well and an SOI P-well respectively. Preferably, an intrinsic 
epitaxial layer is formed above each of the SOI N-well and 
the SOI P-well respectively. Preferably, in situ counter 
doping is provided in the epitaxial layers. Preferably, a 
liner is formed in the isolation trench prior to forming the 
isolation dielectric. Preferably, a sacrificial layer is applied 
before forming the N-well and the P-well and is stripped 
away thereafter. Preferably a diffusion retarding barrier is 
formed in the surface of the N and P ground plane regions 
prior to forming the epitaxial layers. 
[0030] In accordance with another aspect of this invention, a Su- 
per Steep Retrograde Well (SSRW) FET (Field Effect Transis- 
tor) device is provided with an ultra-thin SOI layer formed 
on a substrate. An isolation trench separates the SOI layer 
into N and P ground plane regions. The N and P ground 
plane regions are formed from the SOI layer doped with 
high doping levels of N-type and P- type dopant respec- 
tively. Semiconductor channel regions are formed above 



the N and P ground plane regions. FET source and drain 
regions are juxtaposed with the channel regions and gate 
electrode stacks are above the channel regions. 
[0031] The invention and objects and features thereof will be 
more readily apparent from the following detailed de- 
scription and appended claims when taken with the draw- 
ings. 

Brief Description of Drawings 

[0032] The foregoing and other aspects and advantages of this 
invention are explained and described below with refer- 
ence to the accompanying drawings, in which: 

[0033] FIG. 1 shows a conventional prior art MOSFET device 
formed on a p-type doped silicon substrate. 

[0034] FIG. 2 shows an example of a prior art SSRW type of MOS- 
FET device formed on a p-type doped silicon substrate. 

[0035] FIGS. 3A-30 illustrate a process for forming a Super Steep 
Retrograde Well (SSRW) SOI device in accordance with the 
method of this invention and FIG. 30 shows an example 
of a finished product made in accordance with the method 
of this invention. 

[0036] FIG. 4 shows a flow chart of a first embodiment of the 
method of this invention. 

[0037] FIG. 5 shows a flow chart of a second embodiment of the 



method of this invention. 
Detailed Description 

[0038] FIGS. 3A-30 illustrate a process for forming a Super Steep 
Retrograde Well (SSRW) SOI device 30 in accordance with 
the method of this invention. 

[0039] FIG. 3A shows the SSRW SOI device 30 in a preliminary 

stage with a substrate 31 upon which are formed a Buried 
Oxide (BOX) layer 32 and a thick SOI layer 33K there- 
above. The thick SOI layer 33K has been formed with a 
thickness of about 55 nm or greater. 

[0040] FIG. 38 shows the device 30 of FIG. 3A after the thick SOI 
layer 33K has been thinned to form an ultra-thin SOI layer 
33 which has a thickness between about 10 nm and about 
40 nm as contrasted with most other ultra-thin layers, 
which are about 50 nm thick or thicker. The SOI layer 33K 
is oxidized by a process of thermal oxidation. Then the 
oxidized thickness of layer 33K, not shown for conve- 
nience of illustration, is stripped by a process of wet 
chemical etching. 

[0041] FIG. 3C shows the device 30 of FIG. 3B after a conven- 
tional blanket pad oxide layer 34 and a conventional blan- 
ket pad nitride layer 35 have been formed in that se- 
quence over the SOI layer 33 using a conventional process 



such as thermal oxidation for the pad oxide layer 34 and 
Chemical Vapor Deposition (CVD) for the pad nitride layer 
35. The top surface of the blanket pad nitride layer 35 is 
exposed. 

[0042] FIG. 3D shows the device 30 of FIG. 3C after a first pat- 
terning mask 36L/36R has been formed over the top sur- 
face of the pad nitride layer 35. There is an open central 
window 36W through in the patterning mask 36L/36R 
which includes a left mask portion 36L and a right mask 
portion 36R on either side of the central window 36W. The 
open central window 36W is adapted for patterning an 
isolation trench 37 seen in FIGS. 3E and 3F. The isolation 
trench window 36W provides an opening that exposes a 
portion of the top surface of the pad nitride layer 35 pro- 
viding access for etching through the pad nitride layer 35, 
the pad oxide layer 34 and the ultra-thin SOI layer 33 to 
form the isolation trench 37. 

[0043] FIG. 3E shows the device 30 of FIG. 3D after an isolation 
trench 37 has been etched through the window 36W. The 
isolation trench 37 extends down through the pad nitride 
layer 35, the pad oxide layer 34, and the SOI layer 33 
down to the top surface of the BOX layer 32. To the left of 
the isolation trench 37 from top to bottom below the left 



mask portion 36L are the left pad nitride layer 35L, the 
left pad oxide layer 34L, and a left SOI region 33L in that 
order. To the right of the isolation trench 37 from top to 
bottom below the right mask portion 36R are the right 
pad nitride layer 35R, the right pad oxide layer 34R, and 
the right SOI region 33R in that order. The isolation trench 
is etched by a process such as Reactive Ion Etching (RIE). 

[0044] FIG. 3F shows the device 30 of FIG. 3E after the patterning 
mask 36L/36R has been stripped therefrom, leaving the 
top surface of the pad nitride layer 35L/35R exposed. 
Then a silicon oxide liner 38 was formed on the side walls 
of the left SOI layer 33L and the right SOI layer 33R in the 
isolation trench 37. The silicon oxide liner 38 is formed by 
a process such as thermal oxidation. 

[0045] FIG. 3G shows the device 30 of FIG. 3F after an isolation 
region 39, preferably comprising a Shallow Trench Isola- 
tion (STI) region has been formed in the isolation trench 
37. The isolation region 39 is formed by depositing silicon 
oxide therein filling the isolation trench 37 and incorpo- 
rating the silicon oxide liner 38 as an integral part of the 
silicon oxide in the isolation region 39. Preferably, the 
process used to deposit the silicon oxide to form isolation 
region 39 is High Density Plasma Chemical Vapor Deposi- 



tion (HDPCVD). 

[0046] The silicon oxide of tlie isolation region 39 is then pla- 
narized, preferably by Chemical Mechanical Planarization 
(CMP) to lower the ST! layer 39 to expose the top surface 
of the pad nitride layer 35L/35R. 

[0047] FIG. 3H shows the device 30 of FIG. 3G after stripping the 
pad nitride layer 35L/35R and the pad oxide layer 
34L/34R from the device 30, preferably by a process of 
wet chemical etching. 

[0048] Then sacrificial silicon oxide layers 40L/40R are formed 
over the remaining portions of the left SOI region 33L and 
the right SOI region 33R which are juxtaposed with the 
isolation region 39 to the left and the right thereof. The 
sacrificial oxide layers 40L/40R are formed by a process 
such as thermal oxidation. 

[0049] Ion Implant High Levels of N+ and P+ Dopant into SOI 
Layers to Form Well Regions 

[0050] FIG. 31 shows the device 30 of FIG. 3H after a second pho- 
toresist (PR) mask 42 has been placed over the top surface 
of the sacrificial silicon oxide layer 40R to the right of the 
isolation region 39, leaving the sacrificial silicon oxide 
layer 40L to the left of the isolation region 39 exposed in 
preparation for doping of the left SOI region 37L. In FIG. 



31, the implantation of N-type dopant ions 44 tlirough the 
sacrificial silicon oxide layer 40L into the left SOI region 
37L is performed to form a left SOI well region 37L. 
Preferably, the N-type dopant comprises arsenic (As) ions 
44 which are implanted at an energy of between about 15 
keV and about 30 keV in an implanter tool yielding a con- 
centration of arsenic atoms from about 1E13 atoms/cm^ 
to about 7E13 atoms/cm^. An additional 60 KeV As im- 
plant of 2el3cm-3 is used for a 40nm ground plane to 
achieve deep well implant and shut off bottom leakage 
channel. 

[0051] FIG. 3J shows the device 30 of FIG. 31 after the second 

photoresist mask 42 has stripped from the top surface of 
the sacrificial silicon oxide layer 40R to the right of the 
isolation region 39; and a third photoresist (PR) mask 45 
has been placed over the top surface of the sacrificial sili- 
con oxide layer 40L to the left of the isolation region 39, 
leaving the top surface of the sacrificial oxide layer 40R to 
the right of the isolation region 39 exposed in preparation 
for doping of the right SOI region 37R. In FIG. 3J, the im- 
plantation of P-type dopant ions 46 through the sacrificial 
oxide layer 40R into the right SOI region 37R is performed 
to form a right SOI well region 37R. The preferred P-type 



dopant comprises Boron (B) ions 46, wliicli are preferably 
implanted at an energy of between about 2 keV and about 
12 keV in an implanter tool yielding a concentration of 
Boron atoms from about 1E13 atoms/cm^ to about 1.1E14 
atoms/cm^. 

[0052] FIG. 3K shows the device 30 of FIG. 3J the third photore- 
sist mask 45 has been stripped away from the device 30 
leaving the top surfaces of both of the sacrificial silicon 
oxide layers 40L/40R exposed. Then the sacrificial silicon 
oxide layers 40L/40R were stripped away from the left SOI 
well region 33L and the right SOI well region 33R, prefer- 
ably by the process of wet etching, leaving the top sur- 
faces of the left SOI region 33L and the right SOI region 
33R exposed. 

[0053] FIG. 3L shows the device 30 of FIG. 3K after an optional 

step has been performed providing a dopant diffusion re- 
tarding barrier 47L/47R (shown in phantom by dotted 
lines) over the N+ SOI well region 33L and the P+ SOI well 
region 33R. The dopant diffusion retarding barrier 
47L/47R is provided to slow down doping diffusion from 
the well regions 33L/33R up into regions 48L/48R shown 
in FIG. 3L which are to be formed thereabove. 

[0054] OPTIONAL DIFFUSION RETARDATION PROCESS 



[0055] 1, To form the dopant diffusion retarding barrier 

47L/47R, tlie top surfaces of the well regions 33L/33R are 
treated with co-implantation of doping diffusion retarding 
ions into the top surface of the regions 33L/33R. Exam- 
ples of such ions are carbon (C) germanium (Ge) and/or 
xenon (Xe) into the top surface of the 33L/33R layers. 

[0056] 2. Alternatively, the surfaces of the SOI well regions 

33L/33R can be treated with a monolayer of dopant diffu- 
sion retardation agent such as Si-O-CH^ methoxy termi- 
nation; an alkyi termination; silicon carbide (SiC) grown in 
situ; or silicon Germanium (SiGe) grown in situ. The 
dopant diffusion retardation coating produced, which is to 
serve as the dopant diffusion retarding barrier 47L/47R 
must be maintained relatively thin (less than a single nm 
or a few nm) in order to permit subsequent growth of epi- 
taxial silicon on the surface thereof with the lattice struc- 
ture of the underlying SOI regions 33L/33R. 

[0057] EXAMPLE! 

[0058] In this example, two Silicon-On-lnsulator (SOI) substrates, 
each having an SOI layer that has a thickness of about 55 
nm were employed. Each of the SOI substrates, in particu- 
lar each SOI layer, was doped with boron (B) by ion im- 
plantation using an ion dose of 2E13 B atoms/cm^ im- 



planted at an energy of 10 keV in an ion implanter tool. 
The samples were then annealed at about lOOO'C for less 
than 10 seconds. Each SOI substrate was then subjected 
to a step in which the SOI layer was hydrogen terminated. 
The hydrogen termination was provided by applying dilute 
hydrofluoric acid to each of the SOI substrates at room 
temperature. After hydrogen termination, one of the SOI 
substrates was soaked at room temperature in a solution 

-4 

of 5x10 M iodine in methanol to provide a methoxy ter- 
mination comprising carbon and oxygen bonded to the 
SOI layer as a monolayer of Si-O-CH^. The iodine/ 
methanol soak occurred at room temperature for about 20 
minutes. The soaked SOI substrate was then rinsed with 
methanol and dried utilizing a standard surface tension 
gradient drying process. An epitaxial silicon (Si) layer hav- 
ing a thickness of about 40 nm was deposited at 750°C on 
each of the SOI substrates processed as stated above. The 
SOI substrate that was not subjected to the iodine/ 
methanol treatment represents a comparative sample, 
while the SOI substrate treated with iodine/methanol is 
representative of the present invention. The boron SIMS 
data for each sample was then collected after deposition 
and after a post deposition anneal at a temperature of 



1000°C for 5 seconds. Data collected included the boron 
SIMS data for the above experimentation for the compara- 
tive sample after post deposition annealing; data for the 
comparative sample after deposition of the Si overlayer 
(prior to annealing); data for the inventive sample after 
the post deposition anneal and data representing the in- 
ventive sample after deposition of the Si overlayer (prior 
to annealing). The SIMS data showed that the sample of 
the present invention, as deposited and after performing 
the post deposition anneal, had less boron diffusion into 
the Si overlayer than the sample without the treatment 
step of the present invention. 
[0059] EXAMPLE II 

[0060] Another SOI substrate was processed using the iodine/ 
methanol treatment method of the present invention de- 
scribed above and thereafter the sample was annealed in 
vacuum at SSCC and then an epitaxial Si overlayer having 
a thickness of about 30 nm was deposited at SSCC. A 
high-resolution (3nm scale) TEM image and low resolution 
(50nm scale) TEM of this sample were made. The TEMs il- 
lustrate that the iodine/methanol treatment step of the 
present invention does not disrupt the epitaxial alignment 
of the Si overlayer on the lattice structure of the original 



SOI layer. The carbon and oxygen doses for the interface 
between the SOI layer and the Si overlayer were 1.1E14 
atoms/cm^ and 1.1E13 atoms/cm^, respectively. The in- 
terface is not visible by TEM, and the lattice of the SOI 
substrate is not distinguishable from the epitaxial Si over- 
layer. 

[0061] FORM INTRINSIC EPITAXIAL LAYERS OVER SOI REGIONS 

[0062] FIG. 3M shows the device 30 of FIG. 3L after formation of 
ultra-thin intrinsic epitaxial regions 48L/48R having a 
thickness between about 5 nm and about 15 nm which are 
to be employed as intrinsic channel regions over the 
highly doped SOI regions 33L/33R respectively. The epi- 
taxial regions 48L/48R are grown anisotropically verti- 
cally, aside from the isolation region 39, by a process of 
RTCVD (Rapid Thermal Chemical Vapor Deposition) based 
upon the crystalline structure of the SOI regions 33L/33R. 

[0063] FIG. 3N shows the device 30 of FIG. 3M after formation of 
a thin gate dielectric layer 50 on the exterior surfaces of 
the intrinsic epitaxial regions 48L/48R. The gate dielectric 
layer 50 may comprise a gate oxide (silicon dioxide) or 
any other well known gate dielectric such as nitrided sili- 
con oxide, hafnium-silicon dioxide (HfOp, hafnium-sili- 
con monoxide (HfO), zirconium oxide (ZrO), or aluminum 



dioxide (AIO^). 

[0064] FIG. 30 sliows tlie device 30 of FIG. 3N after formation of 
PFET and NFET devices including P+ gate electrode 54P 
and N+ gate electrode 54N above the gate dielectric layer 
50, with upper drain regions 55L/55R and source regions 
56L/56R juxtaposed with the channel regions CH in epi- 
taxial regions 48L/48R aside from the gate electrodes 
54P/54N. There are lower drain regions 55L'755R" and 
lower source regions 56L'756R" formed in the ground 
planes 33L/33R respectively below the gate electrodes 
54P/54N respectively. The lower source regions 
55L755R" and the lower drain regions 56L756R" are 
shown reaching down to the buried oxide layer 32 
through the heavily doped SOI/ground plane regions 
33L/33R, ensuring a minimized junction area. Therefore 
junction capacitance and leakage are minimized. The 
channel regions CH are formed in the intrinsic epitaxial 
regions 48L/48R and thus, as in FIG. 3N, they are located 
above the N+/P+ highly doped SOI/ground planes 
33L/33R. Silicide contacts 69 are provided to the source/ 
drains regions 56/55. Silicide regions 54P"/54N" are 
formed above the gate electrodes 54P/54N. Silicon oxide 
extension spacers 52, dielectric sidewall spacers SP and 



TEOS/Source Drain spacers 53 can be formed aside from 
tlie gate electrodes 54. 
[0065] FIRST EMBODIMENT OF THE METHOD OF THE INVENTION 

[0066] FIG. 4 shows a flow chart of a first embodiment of the 

method of this invention. The process illustrated by FIG. 4 
begins at Start 70 and continues to step 71 in which de- 
vice 30 is processed. The SOI layer 33K on BOX substrate 
31 which initially had a thickness of 55 nm or more in FIG. 
3A is thinned to an ultra-thin thickness from about 10 nm 
to about 40 nm by a process of oxidation and stripping as 
described above with reference to FIG. 3B. 

[0067] At the end of step 71, the desired thickness of the SOI 
layer 33 has been reached. 

[0068] In step 72, pad oxide layer 34, pad nitride layer 35 were 
formed as shown in FIG. 3C over the thinned SOI layer 33. 
Then, as shown in FIG. 3D, an isolation patterning mask 
36L/36Rwith a central isolation opening 36W 
therethrough was formed over the pad nitride layer 35 
(above the SOI layer 33). 

[0069] In step 73, an isolation trench 37 was formed by etching 
from the top of the device 30 down through the isolation 
window 36W with the trench reaching through the pad ni- 
tride layer 35, the pad oxide layer 34, and the SOI layer 33 



down to the top surface of the BOX layer 32, as described 
below with reference to FIG. 3E. 

[0070] In step 74, an oxide liner 38 is formed in the isolation 

trench 37 on the sidewalls of the SOI regions 33L/33R as 
shown in FIG. 3F. 

[00^1] In step 75, the isolation trench 37 was filled with an isola- 
tion dielectric material such as silicon oxide to form an 
isolation region 39 as shown in FIG. 3G. The isolation re- 
gion comprises an STI or a Mesa isolation structure, as will 
be well understood by those skilled in the art. 

[0072] In step 76, a sacrificial layer 40L/40R of silicon oxide or 
the like is formed on the top surfaces of the SOI regions 
33L/33Rin FIG. 3H. 

[0073] Next, as illustrated by FIG. 31, a mask 42 is formed over 
the top surface of the sacrificial layer 40R to protect the 
SOI region 33R; and N-type dopant is ion implanted into 
the left SOI region 33L to a high N+ doping level as de- 
scribed above with reference to FIG. 31. 

[0074] Next, as illustrated by FIG. 3J, the mask 42 is stripped and 
another mask 45 is formed over the top surface of the 
sacrificial layer 40L to protect the SOI region 33L; and P- 
type dopant is ion implanted into the right SOI region 33R 
to a high P+ doping level as described above with refer- 



ence to FIG. 3J. 

[0075] In step 77, the mask 45 and the sacrificial layer 40L/40R 
are stripped as illustrated by FIG. 3K. 

[0076] FIG. 3L pertains to an optional step which is included in 
the second embodiment of the process and is described 
above and will be further described in further detail be- 
low. 

[0077] In step 78, ultra-thin intrinsic epitaxial regions 48L and 

48R having a thickness ranging from about 5 nm to about 
15 nm are formed above the SOI regions 33L and 33R re- 
spectively as shown in FIG. 3M. 

[0078] In step 79, as shown by FIG. 3N, a gate dielectric layer 50 
is shown formed over the intrinsic epitaxial regions 
48L/48R respectively. 

[0079] In step 80, the completion of formation of device 30 by 
the process of the first embodiment of the method of this 
invention can employ any of the processes well known by 
those skilled in the art of forming whatever CMOS device 
is desired in accordance with the choice of the manufac- 
turer as illustrated by FIG. 30. Step 81 is the end of the 
process of the first embodiment of the invention. 

[0080] SECOND EMBODIMENT OF THE METHOD OF THE INVEN- 
TION 



[0081] FIG. 5 shows a flow chart of a second embodiment of the 
method of this invention. The process illustrated by FIG. 5 
begins at Start 70 and continues to step 91 during which 
device 30 is processed. The SOI layer 33K on BOX sub- 
strate 31, which initially had a thickness of 55 nm or more 
in FIG. 3A, is thinned to an ultra-thin thickness from 
about 10 nm to about 40 nm by a process of oxidation 
and stripping as described above with reference to FIG. 
3B. 

[0082] At the end of step 91, the desired thickness of the SOI 
layer 33 has been reached. 

[0083] In step 92, pad oxide layer 34, pad nitride layer 35 were 
formed as shown in FIG. 3C over the thinned SOI layer 33. 
Then, as shown in FIG. 3D, an isolation patterning mask 
36L/36Rwith a central isolation opening 36W 
therethrough was formed over the pad nitride layer 35 
(above the SOI layer 33). 

[0084] In step 93, an isolation trench 37 was formed by etching 
from the top of the device 30 down through the isolation 
window 36W with the trench reaching through the pad ni- 
tride layer 35, the pad oxide layer 34, and the SOI layer 33 
down to the top surface of the BOX layer 32, as described 
below with reference to FIG. 3E. 



[0085] In step 94, an oxide liner 38 is formed in tlie isolation 

trench 37 on the sidewalls of the SOI regions 33L/33Ras 
shown in FIG. 3F. 

[0086] In step 95, the isolation trench 37 was filled with an isola- 
tion dielectric material such as silicon oxide to form an 
isolation region 39 as shown in FIG. 3G. The isolation re- 
gion comprises an STI or a Mesa isolation structure, as will 
be well understood by those skilled in the art. 

[0087] In step 96, a sacrificial layer 40L/40R of silicon oxide or 
the like is formed on the top surfaces of the SOI regions 
33L/33Rin FIG. 3H. 

[0088] Next, as illustrated by FIG. 31, a mask 42 is formed over 
the top surface of the sacrificial layer 40R to protect the 
SOI region 33R; and N-type dopant is ion implanted into 
the left SOI region 33L to a high N+ doping level as de- 
scribed above with reference to FIG. 31. 

[0089] Next, as illustrated by FIG. 3J, the mask 42 is stripped and 
another mask 45 is formed over the top surface of the 
sacrificial layer 40L to protect the SOI region 33L; and P- 
type dopant is ion implanted into the right SOI region 33R 
to a high P+ doping level as described above with refer- 
ence to FIG. 3J. 

[0090] In step 97, the mask 45 and the sacrificial layer 40L/40R 



are stripped as illustrated by FIG. 3K. 

[009''] In step 98, as indicated by FIG. 3L, a dopant diffusion re- 
tarding barrier 47L/47R is formed over the highly doped 
SOI regions 33L/33R. 

[0092] Two processes for forming an optional dopant diffusion 
retarding barrier 47L/47R are as follows: 

[0093] OPTIONAL DIFFUSION RETARDATION PROCESS 

[0094] i_ Jo form the dopant diffusion retarding barrier 

47L/47R, the top surfaces of the regions 33L/33R are 
treated with co-implantation of doping diffusion retarding 
ions into the top surface of the regions 33L/33R. Exam- 
ples of such ions are carbon (C) germanium (Ge) and/or 
xenon (Xe) into the top surface of the 33L/33R layers. 

[0095] 2. Alternatively, the surfaces of the SOI regions 33L/33R 
can be treated with a monolayer of dopant diffusion retar- 
dation agent such as Si-O-CH^ methoxy termination, an 
alkyi termination, or silicon carbide (SiC) grown in situ, or 
silicon Germanium (SiGe) grown in situ. The dopant diffu- 
sion retardation coating produced, which is to serve as the 
dopant diffusion retarding barrier 47L/47R must be main- 
tained relatively thin (less than a single nm or a few nm) in 
order to permit subsequent growth of epitaxial silicon on 
the surface thereof with the lattice structure of the under- 



lying SOI regions 33L/33R. 

[0096] In step 99 ultra-thin intrinsic epitaxial regions 48L and 

48R having a thickness ranging from about 5 nm to about 
15 nm are formed above the SOI regions 33L and 33R re- 
spectively as shown in FIG. 3M. 

[0097] In step 100, as shown by FIG. 3N, a gate dielectric layer 
50 is shown formed over the intrinsic epitaxial regions 
48L/48R respectively. 

[0098] In step 101, the completion of formation of device 30 by 
the process of the second embodiment of the method of 
this invention can employ any of the processes well known 
by those skilled in the art of forming whatever CMOS de- 
vice is desired in accordance with the choice of the manu- 
facturer as illustrated by FIG. 30. Step 102 is the end of 
the process of the second embodiment of the invention. 

[0099] In summary, in this invention, the SSRW approach is com- 
bined with an ultra-thin body structure to minimize the 
junction area, thereby solving the above described prob- 
lems. This invention teaches a method and structure to 
build ultra-thin body SSRW MOSFETs for high- 
performance CMOS applications 

[0100] Process Highlights Include: 

[0101] Start with SOI substrate, STI OR Mesa, and well ion im- 



plantation. 

[0102] Then the SOI surface is pre-treated to form a dopant dif- 
fusion barrier in the surface thereof (for example, Si- 
0-CH3 methoxy termination) to slow down boron diffu- 
sion, helping form a super-steep retrograde ground plane 
profile. 

[0103] Optional surface treatment to retard dopant diffusion 

[0104] Process highlights: selective Silicon (Si) epitaxy is em- 
ployed to form the intrinsic channel layers for both pFETs 
and nFETs. 

[0105] 5nm-15nm intrinsic epitaxy 10nm-40nm SOI high dop- 
ing. 

[0106] The benefits of this invention include the factors as fol- 
lows: 

[0107] 1, The intrinsic channel layer ensures the good inversion 
carrier transport (mobility) 

[0108] 2. Ultra-thin SOI and heavily doped SSRW provide for su- 
perior control of SCE. 

[0109] 3. The use of ultra-thin SOI can reduce junction capaci- 
tance and junction leakage significantly. 

[0110] 4. Variations in threshold voltage due to doping fluctua- 
tion are minimized, which is a very important issue for 
manufacturability. 



[0111] PROCESS FLOW (1): 

[0112] Start with an SOI substrate 

[0113] The SOI substrate is thinned to a desired thicl<ness of 

lOnm-40 nm by successive steps of oxidation and strip- 
ping. 

[0114] Provide isolation regions such as shallow trenches or Mesa 
isolation. 

[0115] Selective Ion implantation for nFET regions and pFET re- 
gions 

[0116] DIFFUSION RETARDATION COATING 

[0117] Optional features of the invention which can be employed 
to retard the rate of diffusion of dopant in the device. 

[0118] 1) Carbon, germanium (Ge), and/or xenon (Xe) co- 
implant. 

[0119] 2) The SOI surface is pre-treated with a dopant diffusion 
retardation agent, (for example, Si-0-CH3 methoxy ter- 
mination; silicon carbide (SiC) grown in situ; or silicon 
Germanium (SiCe) grown in situ). 

[0120] PROCESS FLOW (2): SELECTIVE SILICON EPITAXY 

[0121] Selective silicon epitaxy is employed to form the intrinsic 
channel layers for both pFET devices and nFET devices. 
Optionally in-situ counter-doping can be added during 



the selective epitaxial process to allow greater range for 
threshold tuning. 
[0122] PROCESS FLOW (3): 

[0123] The remainder of the process follows the conventional 
CMOS flow: 

[0124] for a gate dielectric layer such as silicon oxide, 

[0125] deposition of gate conductor material, e.g. doped polysili- 
con, for the gate electrode, 

[0126] patterning gate conductor material to form the gate elec- 
trode, 

[0127] perform halo implants (optional), 

[0128] perform formation of lightly doped source/drain exten- 
sion regions, 
[0129] form spacers on gate electrode sidewalls, 

[0130] perform source drain implants, 

[0131] anneal, 

[0132] silicidation, 

[0133] contacts Back-End-Of-Line (BEOL) 

[0134] HIGHLIGHTS 

[0135] 1. The intrinsic channel layer ensures the extraordinary 



inversion carrier transport (mobility). 

[0136] 2. Ultra-tliin SOI and heavily doped SSRW provide the su- 
perior control of SCE (Short Channel Effect). 

[0137] 3. The use of Ultra-thin SOI can significantly reduce junc- 
tion capacitance and Junction leakage. 

[0138] 4. The partially depleted body can greatly minimize the 
space-charge related Vth fluctuation, which is a very im- 
portant issue for manufacturability. 

[0139] While this invention has been described in terms of the 
above specific embodiment(s), those skilled in the art will 
recognize that the invention can be practiced with modifi- 
cations within the spirit and scope of the appended 
claims, i.e. that changes can be made in form and detail, 
without departing from the spirit and scope of the inven- 
tion. Accordingly all such changes come within the 
purview of the present invention and the invention en- 
compasses the subject matter of the following claims. 



